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Abstract
The interaction of high-intensity laser pulses with matter releases instantaneously ultra-large currents of highly energetic
electrons, leading to the generation of highly-transient, large-amplitude electric and magnetic fields. We report results
of recent experiments in which such charge dynamics have been studied by using proton probing techniques able to
provide maps of the electrostatic fields with high spatial and temporal resolution. The dynamics of ponderomotive
channeling in underdense plasmas have been studied in this way, as also the processes of Debye sheath formation
and MeV ion front expansion at the rear of laser-irradiated thin metallic foils. Laser-driven impulsive fields at the surface
of solid targets can be applied for energy-selective ion beam focusing.
Keywords: High-intensity laser-matter interaction; Hot electron dynamics; Ion acceleration; Ion focusing; Proton
probing
1. INTRODUCTION
During the interaction of high-intensity laser pulses with
matter highly-transient, large-amplitude electric and mag-
netic fields are generated either by space-charge separation
or by the flow of large currents of relativistic electrons.
These fields play a role of fundamental importance in many
laser-plasma processes. Electric fields due to charge sepa-
ration can drive the expansion of the ions of the plasmas,
leading to production of ion beams in interaction with thin
foils ~Borghesi et al., 2006; Roth et al., 2005!, or to Cou-
lomb explosion of plasma channels in interaction with under-
dense plasmas ~Borghesi et al., 1998!. A major step forward
in the detection of such fields has been marked by the
development of the proton imaging and deflectometry tech-
niques ~Borghesi et al., 2002a, 2002c; Mackinnon et al.,
2004!, which employing laser-driven protons as a particle
probe ~Borghesi et al., 2004!, have proven to be an excep-
tionally useful tool for the investigation of ultrafast plasma
dynamics. In this paper, after a brief discussion of the
principles of the technique, we will present results from
some recent experiments in which proton probes have been
used to investigate the electron and ion dynamics initiated
by high-intensity interaction. An application of transient,
laser-initiated fields for control of the angular, and spectral
properties of a proton beams will also be discussed.
2. PROTON PROBING TECHNIQUES
The unique properties of protons from high intensity laser-
matter interactions, particularly in terms of spatial quality
and temporal duration ~Borghesi et al., 2006!, have opened
up a totally new area of application of proton probing0
proton radiography. Several experiments have been carried
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out in which laser-driven proton beams have been employed
as a backlighter for static and dynamic target assemblies, in
some cases, a secondary target irradiated by a separate laser
pulse. The proton beams emitted from a laser-irradiated foil
are highly laminar ~Cowan et al., 2004!, and for projection
purposes, can be described as emitted from a virtual, point-
like source located in front of the target ~Borghesi et al., 2004;
Brambrink et al., 2006; Ruhl et al., 2006!.Apoint-projection
imaging scheme is therefore automatically achieved. The
unique capability of this technique to detect electrostatic
fields in plasmas has allowed for the first time the retrieval
of direct information on electric fields arising through a
number of laser-plasma interaction processes. The high tem-
poral resolution, related to the; ps duration of the proton
burst at the source, is here fundamental in allowing the detec-
tion of highly transient fields following short pulse interaction.
Thin meshes inserted in the beam ~e.g., between the
proton source and the object! are sometimes used as “mark-
ers” for the different parts of the proton beam cross sections,
in a proper proton deflectometry arrangement ~Mackinnon
et al., 2004; Borghesi et al., 2005!. Alternatively, in the
proton projection imaging arrangement, the modulations in
proton density across the probe cross section or caustics due
to trajectory intersection can be related to the field distribu-
tion by particle tracing codes, which follow the propagation
of the protons through a given three-dimensional field struc-
ture. This can be modified iteratively until the computa-
tional proton profile reproduces the experimental one.
3. SPACE-CHARGE FIELDS AND CHANNEL
FORMATION IN UNDERDENSE PLASMA
INTERACTIONS
Using the proton imaging technique, we have recently inves-
tigated the interaction of a high intensity ~ 1018 W0cm2!
laser pulse with underdense plasma. The experiment was
performed using the 100 TW VULCAN laser at the Ruther-
ford Appleton Laboratory ~Danson et al., 1998!. The dual
Chirped Pulse Amplification mode ~CPA! configuration
was employed, providing two CPA pulses with adjustable
relative delays at ps precision. Each of the output beams
delivered approximately 50 J in 1.2 ps ~full width at half
maximum; FWHM! duration. By using off-axis parabolas,
the beams were focused down, on different targets, to spots
of 10 mm FWHM, with peak intensity exceeding 1019
W0cm2. One of the beams interacted with the He gas from a
supersonic nozzle driven at 50 bar pressure. The other CPA
beam was employed to generate the probe proton beams by
irradiating it onto a foil ~a 10 mm thick Au foil was typically
used!. Proton beams were observed having a quasi-Maxwell–
Boltzmann energy spectrum with temperature and cut-off
energy of 3 MeV and 18 MeV, respectively. The detector was
a multilayered Radio-chromic film ~RCF! detector, placed
at a distance of 2–3 cm from the gas jet. In the condition of
the experiment, this provided a multi-frame temporal scan
of the interaction for up to 50 ps in a single shot ~Borghesi
et al., 2002a!.
The propagation of the laser pulse through the plasma and
the subsequent plasma evolution were observed via time-
resolved proton-projection images ~Fig. 1!. In the images,
the coordinates x and y refer to the object ~interaction! plane,
which intersects the probe axis at x  0 and y  0. Each
frame detects protons of a given energy E and is labeled
according to the arrival time t0~E ! at the object plane of the
protons traveling along the probe axis, relative to a refer-
ence time t 0 that corresponds to the estimated arrival of
the peak of the pulse. Within a layer, the probing time varies
as a function of x due to the divergence of the proton beam
and the different times of flight ~source to object plane! of
the probe protons reaching different x positions. Figure 2
show different frames from the same shot ~obtained at an
intensity of 4.01018 Wcm2!. The laser pulse propagates
from left to right. A “white” channel with “dark” boundary
and a “bullet” shaped leading edge is clearly visible in
Figures 2a and 2b. The channel appears to move along the
axis, and if one considers the above timing corrections, its
propagation velocity can be estimated to be in the order of c.
In the trail of the channel the proton flux distribution
around the axis changes qualitatively ~see Fig. 1c!, showing
a dark line along the axis, which is observed up to tens of ps
after the pulse peak transit. Figure 2d shows another proton
image, obtained in a different shot at higher intensity ~1.5
1019 Wcm2!. The features observed in Figure 2c are even
more pronounced and clearly visible.
While the “white” channel ~as well as the “bullet” shaped
leading part! feature indicates the presence of an electric
field which points outward, along the radial direction, the
central dark line observed at later times in the channel,
suggests that at a second stage the radial electric field must
change its sign at some radial position ~in other words, the
radial field points inward in the vicinity of the axis and
outward at larger distances from it!, focusing the probe
protons toward the axis. This happens as the ion starts
moving under the effect of the space-charge field and a
cylindrical ion front expands around the laser axis.
At even later times, typically in the order of 6–8 ps, the
development of quasi-periodic modulations inside the chan-
nel was observed. These structures evolved into circular
structures which were observed to decay in hydrodynamic
time scales. These structures are tentatively being inter-
preted as being related to the growth of solitons inside the
channel. Solitons form in high-intensity interactions due to
trapping of the red shifted electromagnetic radiation by the
ambient plasma, which behaves as overdense for them
~Bulanov et al., 1999; Lontano et al., 2003!. Due to the
ponderomotive force, they expel the electrons from the core
producing a positively charged sphere, which deflects pro-
tons, and are imprinted over the RCF as a “white” region
~Borghesi et al., 2002b!.
The main features of the observed channel in the experi-
mental data are qualitatively reproduced in 2D electro-
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magnetic particle-in-cell ~EM PIC! simulations in planar
geometry, for a regime of parameters close to the experi-
ment. In the simulation shown in Figure 3, the laser pulse
has a Gaussian intensity profile both in space and time, with
radius r04l and duration t0150 l0c ~both FWHM!. The
laser strength parameter was a0  2. The plasma density
grows linearly along the axis from zero to the peak value
n0 0.1nc ~where nc1021 cm3 is the critical density for
the laser wavelength, l! over a length of 400 mm, and then
remains uniform for 200 mm. In the figures, the laser pulse
propagates from left to right along the x-axis. The numerical
grid had 6500 points in x and 1200 in y, the spatial resolution
was dx dy l010 and 16 particles per cell were used for
both electrons and ions.
Figure 2 shows the ion density ~ni ! and the components Ey
and Ez of the electric field at the time t 575l0c ; 1.8 ps.
In this simulation, the laser pulse is s-polarized, i.e., the
polarization is along the z axis, perpendicular to the simu-
lation plane. In the experiment, CPA1 was polarized along
the axis of the proton probe. Thus, Ez in Figure 2 is repre-
sentative of the amplitude of the propagating EM pulse,
while Ey is generated by the space-charge displacement.
The simulation clearly shows the formation of an electron-
depleted channel under the effect of the ponderomotive
Fig. 1. Proton projection images of the interaction region at different times obtained in two different laser shots. The CPA1 intensity
at best focus was 4.01018 Wcm2 for ~a!, ~b!, and ~c! and 1.51019 Wcm2 for ~d!. The signal in the frames is mainly due to protons
@of energies 13 MeV in ~a!, 12 MeV in ~b!-~d!, and 10.5 MeV in ~c!# reaching the Bragg peak within their active layers. The time labels
on the frames represent the probing time of the protons propagating along the probe axis, relative to the estimated time of arrival of the
peak of the CPA1 at the position x 0. White ~dark! regions correspond to lower ~higher! probe proton flux than the background. The
labels indicate the most prominent features: ~I! the bullet-shaped leading edge and ~II! the central region of the ‘white’, positively
charged channel; ~III! the “black” line along the channel axis, indicating a region of field inversion inside the channel.
Fig. 2. Ion density and electric field components obtained from 2D PIC simulations of the interaction of a short laser pulse with an
underdense plasma, at t1.8 ps, where t0 corresponds to the entrance of the laser pulse in the field of view. The density is normalized
to nc1021 cm3 and the fields to mevc0e 3.2109 V0cm for l1 mm.
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force ~PF! of the leading part of the laser pulse. This force
generates the radial space-charge electric field, which points
away from the laser propagation axis. In the region behind
the peak of the pulse, one observes two narrow ambipolar
fronts ~one on either side of the laser propagation axis!,
slowly moving away from the axis. Such a radial electric
field profile can, in principle, produce a pattern in the proton
dose profile similar to the feature ~III! in Figure 1, observed
in the experimental data.
At later times, pulse propagation through the denser plasma
region showed in the PIC simulation occurrence of beam
hosing, and appearance of soliton-like structures. The geom-
etry and distribution of the solitons in the simulations have
a close resemblance to the pattern observed in the proton
imaging data at late times.
4. DEBYE SHEATH FORMATION AND ION
EXPANSION FROM LASER-IRRADIATED
SOLID TARGETS
An experiment investigating the electric fields associated with
Debye sheath formation and ion front expansion via the tar-
get normal sheat acceleration ~TNSA! mechanism was car-
ried out at the Laboratoire pour l’Utilisation des Lasers Intenses
~LULI!, Ecole Polytechnique.
The experiment was performed employing the LULI 100
TW system operating in the Chirped Pulse Amplification
mode ~CPA!. Two laser pulses ~CPA1 and CPA2! were
focused onto two separate targets leading to the acceleration
of a proton beam from each target. CPA1 was focused onto
10 to 40 mm thick Al and Au foils ~interaction target! at
Fig. 3. ~a–f ! Proton projection images and ~g! Deflect grams of the rear of a bent foil irradiated at the front by an high-intensity laser
pulse. Time delays of the snapshots relative to the peak of the interaction pulses are indicated below the frames.
Fig. 4. ~a,b! Particle tracing simulations of experimental data in Figures 3b and 3g. ~c,d! Comparison of the deflection in the x
direction measured along the x and y axes in the experiment ~scatter graph! and in the particle tracing simulations ~line!.
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an intensity of; 3.5 1018 W0cm2. CPA2 was focused onto
a ;10 mm thick Au foil ~proton target! at an intensity of
;2 1019 W0cm2. The proton beam from the proton target
was employed as a transverse charged particle probe for the
accelerating electric fields at the back of the interaction
target. The time delay between CPA1 and CPA2, and there-
fore the proton probing time, could be optically adjusted
with ps precision. The proton beams from the two targets
were detected employing stacks of several layers of RCFs.
Two qualitatively different structures are observed in pro-
ton imaging data ~Romagnani et al., 2005!. Around the peak
of the interaction of CPA1 with the bent foil ~t 0! a tran-
sient, pronounced deflection of the probe protons is observed.
The probe protons are deflected away from the rear surface
of the foil and are re-distributed over a bell-shaped extended
region ~dark region indicated by the arrow in Fig. 3a!.
This deflection vanishes after a few ps, as can be seen
from Figure 3c, when a front expanding from the rear of the
foil starts to appear. The front is delimited by a region of
accumulation of the probe protons ~dark bell-shaped line
indicated by arrow in Fig. 3b!, which gets fainter at late
probing times. Behind the front the probe proton density is
not significantly perturbed, with the exception of longitudi-
nal modulations associated with filamentary structures.
In proton deflectometry data, the bell-shaped expanding
front observed at late probing times is marked by a clear and
sudden shift of the mesh imprint lines ~Fig. 3d!. In particu-
lar, the vertical mesh lines appear to be displaced by a larger
amount in proximity of the expanding front, while remain-
ing nearly straight behind it. The mesh lines shift decreases
in time both in correspondence with the expanding front or
at a fixed point behind it, The experimentally measured final
velocity of the expanding front is 3– 4107 m0s, which is
consistent with the detected high energy spectral cut-off
of ; 6–7 MeV of the proton beam emitted from the inter-
action target.
Proton deflectometry data reveals an electric field which
peaks at the expanding front and is uniform and substan-
tially smaller behind it, in agreement with theoretical pre-
dictions. The experimental results were compared with 1D
fluid and particle in cell ~PIC! simulations of the expansion
of electron–proton plasma of finite width into a vacuum.
The initial electron sheath field and the peaked structure of
the field at the ion front were observed in the simulations,
with peak field intensity in good agreement with the exper-
imental findings.
A detailed understanding of the accelerating field struc-
ture was obtained by comparison of the experimental results
with numerical simulations of the propagation of a probe
proton beam through a given time-dependent electric field
structure. Both proton imaging and proton deflectometry
data, and both the initial transient deflection and the expand-
ing front at later times, were simulated. The broad spectral
content of the probe proton beam was taken into account.
Field patterns with cylindrical symmetry were assumed, as
it was verified that the bent geometry of the target has
negligible effect. Results of these simulations are shown in
Figure 4. Details of this comparison are provided in Romagnani
et al. ~2005!.
5. USE OF IMPULSIVE ELECTRIC FIELDS FOR
ION BEAM TAILORING
The transient electrostatic fields described in the previous
section offer novel opportunities as a tool for controlling
the properties of proton beams. In particular, while prob-
ing ion front expansion from hemi-cylindrical targets, it
was seen that not only the ion front accelerated from the
hemi-cylinder went through a focus but also that, under
certain conditions, the transient fields at the rear of the
target caused the protons of the probe beam to form a
caustic at the center of the hemi-cylinder. This suggested
the idea of using a laser-irradiated hollow cylinder as a
tool for varying the angular properties of a proton beam.
Indeed the arrangement proved to work effectively as a
laser driven micro-lens able to focus controllably laser-
accelerated proton beams ~Toncian et al., 2006; Willi et al.,
2007!. Its operation was demonstrated in an experiment
also carried out at the LULI Laboratory, employing the
100 TW laser operating in the CPA. One of the two pulses
~irradiance I  3 1019 W0cm2! was used to accelerate a
high-current, diverging beam of up to 15 MeV protons
from a 10 mm thick Au foil target. The other pulse ~I  3
1018 W0cm2! was focused onto the side of a hollow cylin-
der. The proton beam from the first foil was directed through
the cylinder and detected with a stack of RCF, which was
shielded with an 11 mm Al foil allowing protons with
energies above 1.5 MeV to be recorded. Various experi-
mental parameters including the length, diameter and mate-
rial of the cylinders were varied to study the focusing
characteristics of the proton beam under different condi-
tions. At a source-cylinder distance of 1 mm the proton
flux increase due to focusing by the micro-lens was so
strong that saturation of the film occurred. Quantitative
data could only be obtained when the cylinder was moved
to 5 mm from the proton foil, in order to collect a smaller
part of the diverging proton beam. Under these conditions
a small spot ~less than 200 mm diameter was recorded on
the detector ~placed at several cm from the source!, pro-
viding strong evidence of beam focusing and proton flux
concentration!. Due to the transient nature of the fields,
the focusing was energy selective, as only protons passing
through the cylinder while the fields were active were
focused. Spectral measurements carried out under these
conditions show a monochromatic spike in the spectrum
~Toncian et al., 2006!. These preliminary, proof-of-principle
tests indicate that this is an extremely promising approach
for focusing an intense proton beam, while at the same
time selecting a desired energy range. The range can be
tuned by varying parameters such as the relative delay of
the laser pulses, and the relative distance of the targets
employed. This technique could be of interest for many of
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the proposed applications of laser-driven proton beams
~Borghesi et al., 2006!, and for application as an ultrafast
focusing0switching device for ion beams from conven-
tional accelerators.
6. CONCLUSIONS
We have discussed in this paper results pertaining to the
detection and possible use of electric transient fields initi-
ated by high-intensity laser-interaction with matter. The
use of laser-driven proton probes as a diagnostic tool has
proven crucial in obtaining time and space resolved infor-
mation on the structure and development of these fields,
and consequently on the charge dynamics following high
intensity laser-plasma interaction with underdense plas-
mas and solid targets. By this technique, important, previ-
ously unavailable information on the ion acceleration process
via the TNSA mechanism has also been obtained. Under-
standing how these fields develop permits to envisage
applications where they are controlled and employed to
modify the properties of particle beams. Preliminary
results relating to the focusing of laser-accelerated proton
beams by using a laser-driven micro-lens appear extremely
promising for obtaining the enhanced flux concentration
and narrow energy band required by many proposed
applications.
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